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In the United States, pedestrian fatalities at night have been increasing in the last decade. Roadway 
lighting has been used as an effective strategy to increase motorist visibility of pedestrians for 
motorists and thereby reduce nighttime pedestrian fatalities. To increase pedestrian visibility, there is 
a need to develop guidelines for lighting of crosswalks at intersections and midblock locations. These 
guidelines should include specifications of horizontal and vertical light levels and luminaire pole 
placements so that departments of transportation can easily adopt them. There is also a need to 
compare the visual performance of drivers to the developed lighting design guidelines against those 
that are currently in practice to show the visibility benefits of the revised lighting guidelines. 
Furthermore, the effectiveness of roadway lighting has never been directly compared to other 
pedestrian safety countermeasures because of differences in the methods used to assess safety. 
Thus, there is an existing need to evaluate lighting against other pedestrian safety countermeasures 
at crosswalks (at both midblock and intersections) so that effective recommendations for increasing 
nighttime pedestrian safety on roadways can be put forward. The objectives of the current study are 
as follows: 
• Develop guidelines for lighting of crosswalks at intersections and midblock locations that 
increase the visibility of pedestrians for approaching drivers. The guidelines will also cover 
how best to light an intersection and increase visibility for motorists for the 32 conflict points 
within a typical four-way intersection. The guidelines will include specifications of horizontal 
and vertical light levels as well as luminaire pole placements so that departments of 
transportation can easily adopt them.  
• Compare the visual performance of drivers in the developed lighting design guidelines to 
those currently in practice to show the visibility benefits of the revised lighting guidelines.  
• Determine if there are differences in the safety performance between lighting treatments and 
other pedestrian safety countermeasures (like flashing beacons, signs, etc.) so that effective 
recommendations for increasing nighttime pedestrian safety on roadways can be put forward. 
This study evaluated the visual performance of drivers to four intersection lighting designs and five 
midblock crosswalk lighting designs along with two other pedestrian safety countermeasures 
(rectangular rapid flashing beacons and flashing signs) at three light levels. The study involved a 
pedestrian detection task, which was completed at night on a realistic roadway intersection and a 
midblock crosswalk. Twenty-four participants completed the study, with equal numbers of younger 
(18–35 years) and older (65+) individuals. The results from the study showed that driver nighttime 
visual performance at intersection and midblock crosswalks was influenced by the lighting design and 
light level. The following recommendations were made: 
• Intersections should be illuminated to an average horizontal illuminance of 14 lux (1.3 fc) 
minimum. This light level ensures optimal visibility of pedestrians regardless of the lighting 
design (or luminaire layout) of the intersection.  
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• The average horizontal illuminance of no less than 14 lux (1.3 fc) also increases the visibility of 
pedestrians when glare from oncoming vehicles is present. The 14 lux (1.3 fc) average 
horizontal illuminance is valid for all lighting designs evaluated except the lighting design that 
illuminated the exits of the intersection. When exits of the intersection are illuminated, an 
average horizontal illuminance of no less than 24 lux (2.2 fc) is needed to offset the disability 
glare from opposing vehicles. 
• When intersections are illuminated to less than 14 lux (1.3 fc), the lighting design that 
illuminates the approaches of the intersection should be used as it reported the best visual 
performance. 
• Midblock crosswalks should be illuminated to an average vertical illuminance of no less than 
10 lux (0.9 fc) to ensure optimal visibility of pedestrians. 
• Where overhead lighting is available, midblock crosswalk lighting designs that render the 
pedestrian in positive contrast are recommended to increase pedestrian visibility. Locating 
luminaires in front of the crosswalk will ensure that pedestrians are rendered in positive 
contrast. 
• Where overhead lighting is not available, crosswalk illuminators can be used to illuminate 
midblock crosswalk locations.  
• Pedestrians crossing treatments like rectangular rapid flashing beacons, flashing signs etc., 
should be used in conjunction with overhead lighting or crosswalk illuminators at the 
established vertical illuminance to ensure optimal pedestrian visibility at midblock crosswalks. 
• Higher light levels than recommended above for crosswalks at intersections and midblock 
crossings did not significantly increase the driver’s ability to detect pedestrians. 
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CHAPTER 1: INTRODUCTION 
For approximately the past 20 years, the motor vehicle death rate in the United States has been on a 
downward trend. Although the US population has increased steadily since 1975, the rate of crash 
deaths per 100,000 people is about half of what it was 40 years ago (Insurance Institute of Highway 
Safety, 2016). Unfortunately, the same cannot be said for pedestrian fatalities from motor vehicle 
crashes. Multiple studies have confirmed that, although the motor vehicle death rate has been 
declining, US streets are not getting any safer for pedestrians. According to a 2017 Governors 
Highway Safety Association report, the number of pedestrian fatalities since 2007 increased by 27% 
while all other traffic deaths decreased by 14%. 
One of the factors contributing to the pedestrian fatality rate is lack of light. The International 
Commission on Illumination (Commission internationale de l’éclairage, CIE) (2010) states that one of 
the main reasons fatal road crash rates at night are so high is mainly due to reduced visibility, others 
driving under the influence, driver fatigue, etc. Because approximately 90% of the information drivers 
use to navigate the roads is visual (Terry et al., 2016), avoiding pedestrians becomes more challenging 
with less light. In fact, fatal road accident rates at night are approximately three times greater than 
those during daylight (International Commission on Illumination, 2010). 
Nationally, about 75% of pedestrian fatalities occur after dark, on average; in some states the 
estimate is as high as 84% (Governors Highway Safety Association, 2017). However, this statistic is 
even more severe when considering that only about 25% of all traffic volume occurs after dark 
(International Commission on Illumination, 2010). This means that during the time of day when the 
least number of vehicles are on the road, the greatest number of pedestrians are killed in crashes. 
Furthermore, pedestrian deaths are the only category of traffic deaths that are increasing while other 
categories of severe crashes are decreasing. This shows a heightened need to add or improve safety 
measures to protect areas of roadway traffic with a high pedestrian volume, especially after dark. 
Adding lighting to roadways has been shown to be an effective countermeasure against crashes at 
night. The following sections discuss research that evaluated the safety benefits of lighting on 
intersections and midblock crosswalks.  
SAFETY EFFECTS OF INTERSECTION LIGHTING 
Roadway lighting increases visibility, augments vehicle headlamps, and provides more information 
about the surrounding area, and consequently can lead to fewer crashes (Hasson & Lutkevich, 2002). 
Wortman et al. (1972) concluded that lighting could significantly help to reduce the number of 
nighttime crashes at intersections. An analysis of rural intersections in Illinois found that illumination 
reduced nighttime crashes by about 30% (Wortman & Lipinski, 1974).  
A meta-analysis (Elvik, 1995) of 37 published studies from 1948 to 1989 in 11 countries indicated a 
reduction of 65% in nighttime fatal crashes, a 30% reduction in injury crashes, and a 15% reduction in 
crashes involving property damage when lighting was installed on both intersections and road 
segments (rural, urban, and freeway). A study conducted by the Minnesota Local Road Research 
Board indicated that lighting at rural intersections not only reduces nighttime crashes, but also is a 
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cost-effective countermeasure against crashes (Preston & Schoenecker, 1999). A before-and-after 
study conducted in Kentucky by Green et al. (2003) also concluded that installation of lighting 
reduced nighttime crashes by 45%. A study conducted by Isebrands et al. (2010) on 48 intersections 
in Minnesota to determine the effectiveness of lighting on nighttime crashes found a 37% reduction 
in the nighttime crash rate after lighting was installed. Donnell, Porter, and Shankar (2010) reported 
that the presence of lighting at intersections reduces the nighttime crash frequency by 7.6% and the 
night-to-day crash ratio by 12%, respectively. Similarly, Sasidharan and Donnell (2013) also reported 
that the presence of lighting at intersections reduces nighttime crash frequency by approximately 6%.  
Crash reduction is a common way to compare countermeasures and their effectiveness. The crash 
modification factor (CMF) is an estimate of the proportion of crashes expected to result after 
implementing a given countermeasure. A CMF for intersection lighting was established at 0.881 by 
the Crash Modification Factors Clearinghouse based on a study conducted by Donnell et al. (2010). 
However, this CMF assumes that the lighting was installed at a previously unlighted intersection and 
treats lighting like a categorical variable (present vs. absent), whereas light levels in real life occur on 
a continuum.  
Studies have also shown that increasing the lighting levels (horizontal light levels measured on the 
road surface) at intersections can make them safer and reduce crash rates. Oya et al. (2002) reviewed 
the effect of illuminance (horizontal) in reducing accidents at intersections and found that an average 
road surface illuminance of 20 lux (1.9 fc) or higher serves as an effective countermeasure against 
crashes. Moreover, an average road surface illuminance of 30 lux (2.8 fc) was found to yield 
statistically significant reductions in crashes.  
A study measuring lighting levels (horizontal illuminance and luminance) at rural intersections in Iowa 
concluded that it was difficult to quantify the effect of lighting on intersection safety (Smadi, 
Hawkins, & Aldemir-Bektas, 2011). However, the authors noted that the presence of fixed overhead 
lighting made intersections safer than unlighted ones. More recently, lighting data collected from 100 
rural intersections in Virginia showed that for a 1 unit increase in the illuminance, the number of 
nighttime crashes decreased by 7% (Bhagavathula, Gibbons, & Edwards, 2015). For the lighted 
intersections, the same increase in average horizontal illuminance decreased the number of 
nighttime crashes by 9%. The largest decrease in the number of nighttime crashes was for unlighted 
intersections, where the nighttime crashes decreased by 21% for a 1 lux (0.1 fc) increase in the 
average horizontal illuminance. These relationships between illuminance and nighttime crashes may 
only be valid, however, for the tested illuminance ranges (0.28 lux [0.03 fc] to 31.6 lux [2.9 fc]). 
Edwards (2015) collected illuminance data from 63 intersections in Minnesota and reported that an 
increase in 1 lux (0.1 fc) of average intersection illuminance resulted in a 9% reduction in nighttime 
crash rates. Edwards (2015) also reported that an increase in 1 lux (0.1 fc) in average illuminance at 
lighted and unlighted intersections was associated with a reduction in nighttime crashes by 20% and 
94%, respectively.  
While these studies show that an increase in the light levels is associated with a decrease in the 
nighttime crash frequency or the night-to-day crash ratio, research on determining the light level 
beyond which any increase will not result in a decrease of the nighttime crash frequency or night-to-
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day crash ratio or rate has yet to be reported. Determining this light level can help to illuminate 
intersections at the appropriate level without over lighting, which results in energy inefficiency and 
glare. 
To determine the appropriate light level at intersections, a new systems-level approach to 
intersection lighting design was introduced by Bhagavathula, Gibbons, and Nussbaum (2018). In this 
study, three intersection lighting designs were evaluated: lighted approach, lighted box, and lighted 
approach and box (as shown in Figure 1). This evaluation was done based on drivers’ nighttime visual 
performance, using the objective measure of detection distance for targets located at the entrances, 
exits, and middle of pedestrian crosswalks at intersections. The results indicate that the design 
illuminating the intersection box offered better visual performance and had fewer missed target 
detections, with visual performance plateauing between 7 lux (0.7 fc) and 10 lux (0.9 fc) average 
intersection illuminance. A subjective ratings analysis (Bhagavathula, 2016) was also conducted, 
which revealed that the lighting design illuminating the intersection box had the highest levels of 
perceived target and intersection visibility and the lowest ratings of glare. In this configuration, 
perceived visibility plateaued between 7 lux (0.7 fc) and 10 lux (0.9 fc) of average intersection 
illuminance.   
 
Figure 1. Illustration. Three intersection lighting configurations: (a) intersection approach is 
illuminated; (b) intersection box is illuminated; (c) both the box and approach are illuminated. 
Source: Bhagavathula et al. (2018) 
Another study also examined the effect of intersection lighting design on subjective ratings of 
visibility (Minoshima et al., 2006). Subjective ratings of visibility were obtained from drivers who were 
exposed to three intersection lighting layouts (or configurations), each with three levels of 
illumination (5 lux [0.5 fc], 10 lux [0.9 fc], and 15 lux [1.4 fc]). The three intersection layouts were 
based on the part of the intersection that was illuminated and used the following three 
configurations: approach, corner (or box), and both approach and corner. Drivers rated five 
statements—“visibility,” “danger to pedestrian,” “ease of driving,” “brightness,” and “safety”—on 
Likert-type scales (one to five). A mean rating higher than three (or the “neutral” anchor) was used as 
a measure of effectiveness of an intersection’s lighting design. In this study (Minoshima et al., 2006), 
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increases in illuminance levels resulted in higher subjective ratings of visibility. With illuminance 
levels higher than 10 lux (0.9 fc), mean ratings of pedestrian visibility were higher than three on the 
Likert-type scale in all three layouts. Minoshima et al. (2006) also found that ratings (all statements 
including pedestrian visibility) depended on the illuminance level. At the 15 lux (1.4 fc) illuminance 
level, the lighting configuration illuminating the approach and corner was rated highest. At the 10 lux 
(0.9 fc) and 5 lux (0.5 fc) illuminance levels, the configuration illuminating the approach was rated the 
highest. The authors concluded that the approach lighting layout should be used to maintain a mean 
roadway surface luminance of 10 lux (0.9 fc), but if a higher level of average roadway illuminance is 
needed, then both approach and corner illumination should be used. This study also analyzed the 
optical properties of intersections where accidents occurred frequently. The results indicate that a 
uniformity ratio (ratio of average horizontal illuminance to minimum illuminance, which is a measure 
of the evenness of lighting) of illuminance of 0.4 makes intersections safer.  
SAFETY EFFECTS OF LIGHTING AT INTERSECTION AND MIDBLOCK CROSSWALKS  
Very few studies have been conducted around crosswalk lighting and pedestrian visibility. One of the 
earliest studies conducted on pedestrian visibility at intersection crosswalks was by Freedman et al. 
(1975). They reported that increasing the intensity of light resulted in an increase in the time 
available for drivers to respond and recommended, at average, horizontal illuminance of 75 lux (7 fc) 
for crosswalks. A before-and-after study conducted in Israel by Polus and Katz (1978) reported that 
lighted crosswalks had significantly lower nighttime pedestrian crashes. Surveys and focus groups 
conducted on pedestrians and drivers also reported street lighting can improve the visibility of 
crosswalks and reduce the potential conflicts between pedestrians and drivers (Benekohal et al., 
2007b).  
Pedestrian visibility studies conducted in Switzerland showed that rendering pedestrians in positive 
contrast (i.e., pedestrians are illuminated from the approach side, rendering them brighter than the 
background) reduced pedestrian-vehicle crashes by two-thirds (Wilken et al., 2001). Pedestrians can 
be rendered in positive contrast by increasing the vertical illuminance on them from the approaching 
vehicle’s direction to a sufficient level to overcome ambient light level and vehicle headlamps from 
the opposing direction. The lighting design that rendered the pedestrians in positive contrast was 
compared to an existing design in a field test (Hasson et al., 2002), which showed that the crosswalk 
lighting design that rendered the pedestrians in positive contrast provided significant benefits over 
the conventional one. The benefits of positive contrast on pedestrians was also reported in research 
conducted on realistic nighttime environments (visibility evaluations not conducted in laboratory 
settings or in computer simulations). Edwards and Gibbons (2008) measured detection distances of 
pedestrians under different levels of vertical illuminance and reported that increasing the vertical 
illuminance on pedestrians increases the distance at which drivers can detect them.  
The above-mentioned research used fixed overhead lighting to illuminate pedestrian crosswalks; 
some of the recent research in pedestrian visibility used bollard-type lights to illuminate pedestrian 
crosswalks. Bullough et al. (2009) reported a study exploring different ways to illuminate crosswalks 
for potential improvements in motorist visibility of pedestrians and pedestrian safety. The study 
consisted of photometric simulations of various crosswalk lighting and surveying individuals with 
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expertise in the fields of transportation, transit operations, and public safety to analyze the visual 
performance, glare, and economic impacts of each lighting system. They concluded that the bollard-
based lighting for crosswalks increased pedestrian lighting and reduced costs when compared to 
installing fixed overhead lighting. Bullough, Rea, and Zhang (2012) conducted a field test and 
evaluated four pedestrian crosswalk lighting configurations along with a bollard lighting system. They 
reported that the bollard-based system resulted in the shortest identification times of targets (adult- 
and child-sized black silhouettes). Bullough and Skinner (2017) also reported demonstrations 
conducted at two crosswalks in Aspen, Colorado, and Schenectady, New York, over a two-night 
period. In the demonstrations, LED bollard-level lighting was installed to illuminate the studied 
crosswalks. The findings showed the subjective judgements to be consistently positive in general, 
concluding that the light levels needed for visibility can be achieved without excessive glare or other 
negative consequences through bollard-level lighting. These findings are yet to be replicated by 
objective measures of visual performance.  
There are some differences in the light levels required for optimum pedestrian visibility in crosswalks, 
and these depend on the approach used for lighting of pedestrians in crosswalks. Edwards and 
Gibbons (2008), who used conventional overhead lighting for illuminating crosswalks, reported that a 
vertical illuminance level of 20 lux (1.9 fc) at a height of 1.5 meters (5 feet) from the road surface 
resulted in good driver visual performance at midblock crosswalks, whereas Bullough and Skinner 
(2015), who used a bollard lighting system to illuminate a crosswalk, reported that a vertical 
illuminance of at least 10 lux (0.9 fc) on the pedestrian at a height of 0.9 meters (3 feet) is required to 
increase contrast and thereby visibility.  
It is important to note that pedestrian visibility in bollard-based lighting has never been directly 
compared to overhead lighting in realistic roadway conditions, where the drivers approached the 
crosswalk at speed. Further, bollard-based lighting might increase transient glare for drivers 
approaching the crosswalk; however, glare control could be improved through the use of louvers or 
baffles (Bullough et al., 2009). Another disadvantage of bollard-based lighting is that it involves 
placing additional fixed objects adjacent to the roadway, which will increase the crash risk of errant 
vehicles.  
LIGHTING STANDARDS AND INFORMATIONAL SOURCES 
The safety effects of lighting at intersections have been given special consideration by both the 
Illumination Engineering Society (IES) and CIE. These organizations have recommended minimum 
lighting levels for intersections, with specific levels depending on several factors such as roadway 
classification, speed, traffic volume, and traffic composition. The light levels recommended for 
intersections, though, differ substantially from those recommended for roadways. In addition to IES 
and CIE, several information sources are available for lighting roadways from the Federal Highway 
Administration (FHWA) and the American Association of State Highway and Transportation Officials 
(AASHTO). The intersection lighting guidance and warrants described by these agencies do not 
obligate state or local governments to provide lighting but do give important insight on when to 
investigate lighting and how to improve safety at an intersection. Lighting standards, guidelines, and 
warrants from each agency are discussed in the following sections.  
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Illuminating Engineering Society 
The ANSI/IES RP-8-18 is the most current standard published by IES in roadway lighting guidelines 
(Illuminating Engineering Society, 2018). It states that typically about 50% of crashes (non-pedestrian) 
in urban areas, excluding freeways, occur at intersections. To help reduce this crash rate, IES defines 
the recommended minimum horizontal lighting values for intersections, depending on determining 
factors such as the functional classification of the intersecting roadways and number of pedestrians. 
Specifically, IES recommends that the lighting level at an intersection for continuously lighted streets 
should be equal to the sum of the lighting levels of each road at the intersection. 
Functional classification refers to the classification of the two streets involved in the intersection. The 
classification of major, collector, or local is dependent on the streets’ average daily traffic (ADT) 
measured as vehicles per day. According to the IES RP-08-18, major streets have an ADT of over 
3,500; local streets have an ADT of less than 1,500; and collector streets fall in between these values. 
For other traffic conflict areas, such as midblock pedestrian crossings, the guideline recommends a 
50% higher horizontal illuminance than that recommended for the street. This is also supported by 
existing surveys of pedestrians and drivers, which reported that street lighting could improve safety 
by providing street lighting at high pedestrian volume locations (Benekohal et al., 2007a).  
IES’s guidelines on lighting design recommend horizontal and vertical illuminance for pedestrian 
areas, such as midblock crossings, and specify horizontal illuminance for intersections. For midblock 
crosswalks, the IES RP-8-18 recommends a vertical illuminance of at least 20 lux (1.9 fc), measured at 
a height of 1.5 meters (5 feet) with the light meter orientated toward the approaching vehicle. This 
specification is based on research conducted during the development of FHWA’s Informational 
Report on Lighting Design for Midblock Crosswalks (Gibbons et al., 2008). The standard also 
recommends that pedestrians be rendered in positive contrast in order to aid detection by 
approaching drivers and that light poles be placed in front of the crosswalk in the direction of a 
vehicle’s approach (see Figure 2) (Gibbons et al., 2008). 
 
Figure 2. Illustration. Recommended midblock crosswalk lighting layout from  
FHWA’s Informational Report on Lighting Design for Midblock Crosswalks. 
Source: Gibbons et al. (2008) 
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International Commission on Illumination  
CIE is an independent, international organization devoted to the exchange of information on all 
scientific topics related to light, lighting, vision, etc. Report CIE 115:2010 discusses roadway lighting 
for motorists and pedestrian traffic (CIE, 2010). In it, CIE recommends that lighting in conflict areas 
(intersections) should reveal the entirety of the conflict area, including curb positions, roadway 
markings and directions, pedestrians, other road users, and any obstructions. CIE categorizes 
intersection lighting levels into six classes—from class C5, providing the lowest level of illuminance, to 
class C0, providing the highest level of illuminance. 
For this warrant, an intersection’s lighting classification is determined by applying the appropriate 
weight to each scored parameter; CIE outlines the critical parameters and weights for determining 
the warranted level of illuminance at an intersection. CIE has determined that parameters like speed 
and traffic composition have the greatest impact on determining intersection lighting if the 
intersection has a high speed limit or pedestrian volume. The sum of these weighted values is 
subtracted from the value 6 to determine the C lighting class (CIE, 2010). 
Threshold increment is a measure of the loss of visibility caused by glare. The report does not 
specifically provide directions on illuminating the intersection box or the approach (CIE, 2010). 
However, it specifies that lighting at the conflict area or an intersection should reveal the existence of 
the conflict, the position of the curbs and pavement markings, the direction of roads, the presence of 
pedestrians, the presence of other road users and obstructions, and the movement of vehicles near 
the conflict area. For isolated intersections where there is lighting leading to or exiting from the 
intersection, the area that is illuminated should provide about 5 seconds of driving distance at the 
expected traffic speed.  
An important point to make is that the document does not cover vertical illuminance requirements 
for intersections nor does it cover lighting design guidelines for midblock pedestrian crossings except 
for stating that they may require special consideration in design (CIE, 2010). 
Federal Highway Administration 
The FHWA Lighting Handbook (Lutkevich, McLean, & Cheung, 2012) and FHWA’s Design Criteria for 
Adaptive Roadway Lighting (Gibbons et al., 2014b) supplement the guidance provided by IES and CIE. 
The FHWA Lighting Handbook (Lutkevich, McLean, & Cheung, 2012) gives guidance on intersection 
lighting justification by including various warranting methods. The lighting warrants described assist 
in evaluating intersections where the addition of lighting will maximize benefit based on FHWA’s 
defined intersection conditions and rating system. The handbook also states that the warrants should 
not be interpreted as an absolute indication of whether lighting is required and emphasizes that the 
need for lighting should be determined by sound engineering judgement. 
FHWA’s warrant system is a point system based on geometric, operational, environmental, and crash 
factors. A certain number of points is allotted based on how the intersection is categorized in each 
defined criterion. Each criterion is then assigned a weight due to its relative importance. The critical 
factors that determine the need for illumination and, therefore, hold the greatest weight are traffic 
volume, the presence of crosswalks, the extent of raised medians, and nighttime crashes. The point 
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score indicates what level of lighting is recommended by FHWA for each intersection: full intersection 
lighting, partial intersection lighting, or delineation lighting. The handbook describes full intersection 
lighting as illumination covering the intersection in a uniform manner over the traveled portion of the 
roadway. Partial intersection lighting is defined as the illumination of key decision areas, potential 
conflicts, and/or hazards within the intersection. Partial lighting can also guide motorists from one 
key point to the next. Delineation lighting is defined as lighting that marks an intersection’s location 
for approaching traffic, lights vehicles on a cross street, or lights a median crossing. 
In summary, the more points an intersection is scored, the greater the illumination warrant. 
Regardless of the points allotted, FHWA warrants full lighting for signalized intersections. FHWA also 
approves some other warranting methods in determining lighting priority, such as using the point 
system in conjunction with a benefit-cost analysis or a simpler method developed by Preston and 
Schoenecker (1999) for rural areas with functional classifications based on the traffic volume of the 
major street. 
Another FHWA report, Guidelines for the Implementation of Reduced Lighting on Roadways (Gibbons 
et al., 2014a), details methods for classifying highways and provides dimming specifications based on 
factors such as traffic volume, speed, and ambient light levels. However, adaptive lighting guidelines 
are not currently available for intersections or midblock crosswalks.  
American Association of State Highway and Transportation Officials 
AASHTO is an American standards agency that publishes specifications and guidelines as well as tests 
protocols that are used in highway design and construction throughout the country. The current 
AASHTO Roadway Lighting Design Guide (2018) provides a general overview of US lighting systems to 
guide state transportation departments and recommends minimum design parameters. Based on 
quantitative predictions using CMFs, AASHTO has concluded that when lighting is installed at 
intersections, nighttime injury crashes are predicted to be reduced by 38%, and nighttime pedestrian 
injury crashes reduced by 42%. From these results, along with other studies with similar data, 
AASHTO strongly recommends luminance or illuminance design methods. The range of 
recommended illuminances is from 2 lux (0.2 fc) to 17 lux (1.6 fc), and luminances range from 0.2 
cd/m2 to 1.2 cd/m2 depending on the roadway classification, land use, and pavement reflectance. For 
intersections, AASHTO recommends that key decision points and conflict points be illuminated. The 
AASHTO Roadway Lighting Design Guide also urges lighting designers to consider rendering the 
pedestrians at intersection crosswalks in positive contrast by placing lighting poles before the 
crosswalks or lighting the approach side of the crosswalk.  
Transport Association of Canada 
The Transport Association of Canada (TAC) Guide for the Design of Roadway Lighting specifies 
warrants and lighting guidelines for roadways in Canada. TAC has a warranting system for 
intersection lighting that also forms the basis for the warranting method for intersections in the 
FHWA Lighting Handbook (Lutkevich, McLean, & Cheung, 2012). This warranting system considers 
several factors in its approach, like geometric, operational, environmental, and collision factors. The 
light levels recommended for intersections in the TAC Guide for Design of Roadway Lighting are 
based on ANSI/IES RP-8-18. In addition, the TAC Guide for the Design of Roadway Lighting also 
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specifies photometric calculation grids and luminaire pole placement locations for lighted 
intersections. The luminaire pole locations used here are consensus based and are not backed by 
empirical research. The vertical illuminance specifications for midblock crosswalks are also similar to 
the ANSI/IES RP-8-18 specification (20 lux [1.9 fc] at 1.5 meters [5 feet]). 
LIGHTING PRACTICES IN THE UNITED STATES 
To understand intersection lighting design practices in the United States, the research team 
conducted a search and review of guidelines for the lighting of intersections in all 50 states and 
Washington, DC. The search and review included investigating whether states have specific 
intersection lighting design guidelines and specific guidelines for rural versus urban intersections. The 
review covered whether the guidelines included specific luminaire placement locations or light levels 
(illuminance or luminance) for intersections. Finally, the review focused on whether the guidelines 
referred to specific standards documents (such as IES RP-8-18, CIE150:2010, etc.) or informational 
sources such as the FHWA Lighting Handbook (Lutkevich, McLean, & Cheung, 2012) or AASHTO 
Roadway Lighting Design Guide (2018). This information is summarized in the following section.  
Most of the states (32) have roadway lighting design guides with specific sections for intersection 
lighting. The remaining states do not have intersection-specific guidelines for lighting. Of the 32 
states that have specific intersection-related lighting guidelines, 18 have different guidelines for 
urban versus rural intersections, whereas the other 14 do not differentiate between urban and rural 
locations for intersection lighting. Of the 32 states that have specific intersection lighting guidelines, 
18 had prescribed luminaire pole placement locations or lighting layouts for intersections. Twenty-
two of the states that had intersection lighting guidelines also had specific lighting levels that were 
recommended.  
There is a wide variation in the way the states refer to specific standards or informational sources 
(see Figure 3). Four states (Colorado, Kansas, New Jersey, and New Mexico) refer to all three roadway 
lighting standards originating in the United States: IES RP-8, the FHWA Lighting Handbook (Lutkevich, 
McLean, & Cheung, 2012), and the AASHTO Roadway Lighting Design Guide (2018). Six states do not 
refer to any standards documents or informational sources. The most commonly used informational 
source is the AASHTO Roadway Lighting Design Guide (2018), which is used by about 39% states (or 
20 states). Some states like Arizona and Maryland have their own specific lighting guideline 
documents. Maryland’s lighting guidelines also refer to IES RP-8. Some states use a combination of 
the two documents. The most common combination is the AASHTO Roadway Lighting Design Guide 
(2018) and IES RP-8, which is used by 10% of the states. Approximately 8% of the states just use 
either IES RP-8 or the FHWA Lighting Handbook (Lutkevich, McLean, & Cheung, 2012).  
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Figure 3. Graph. Pie chart of lighting standards and informational source usage in the United States. 
SAFETY EFFECTS OF PEDESTRIAN CROSSING TREATMENTS 
There may be an interaction between roadway lighting and other treatments such as pedestrian 
signals and pavement markings in that the effectiveness of one treatment could be supplemented by 
the addition of another treatment (such as lighting). As such, these treatments need to be considered 
in the evaluation. 
Countdown Pedestrian Signal 
While many countermeasures focus on alerting the driver to be more aware of pedestrians at 
intersections and crosswalks, countdown pedestrian signals (CPSs) are intended to inform the 
pedestrians when it is safe to cross. A CPS faces the pedestrians and is located at the ends of 
intersection crosswalks. It lets the pedestrians know when to walk across the street, usually marked 
by a green light or by the word “WALK,” and visually counts down anticipating when the stoplight 
changes from red to green and cars begin to move. However, some engineers postulated that CPSs 
may have negative impacts on motorists. Because drivers can see the countdown timings, it may 
encourage some to speed through the intersection, which would increase red light violation rates and 
could increase vehicle-pedestrian crashes. Although there were initial concerns, studies have proven 
countdown pedestrian signals to be effective in enhancing pedestrian safety. 
One before-and-after study evaluated the effects of installing CPSs at 106 signalized intersections in 
Charlotte, North Carolina, over a five-month period and found a statistically significant decrease in all 






















number of all crashes, and no negative consequences were observed after installation (Pulugurtha, 
Desai, & Pulugurtha, 2010). Another before-and-after study was conducted at 13 intersections in 
Peoria, Illinois, which focused on assessing the influence of CPSs on both pedestrians and motorists. 
Specifically, the study looked at the influence the countermeasure may have on running red lights. 
The results of the study concluded that the rate of compliance in pedestrians increased and that 
there was no evidence of increased risk-taking behavior of motorists (Schattler et al., 2007). A 
surveying study evaluated the effects of CPSs in Korea and compared the various types of numeric 
and graphical countdown signals. The study found that numeric countdown signals are more 
desirable than a graphical countdown for pedestrians. It also found that 72% of respondents stated 
that CPSs are helpful in determining walking speed and 68% also thought CPSs helped them decide 
whether to enter the crosswalk (Kim, Kim, & Seo, 2002). 
Pavement Markings 
Pavement markings are widely accepted as one of the most important safety functions on our roads. 
They can be found on most US roads and are usually done with white or yellow reflective markings 
used to delineate roadways and enhance drivers’ awareness to critical changes in the road. As 
beneficial as they have proven to be, when it comes to a crosswalk, studies have contradicting 
findings. Some studies suggest that pavement markings are effective only at low speeds. Research 
has shown that placing pavement markings at crosswalks is an effective countermeasure at relatively 
narrow and low-speed uncontrolled locations (Knoblauch, Nitzburg, & Seifert, 2001). A crosswalk on a 
road with a speed limit of ≤ 30 mph can significantly increase a motorists’ yielding rate with 
pavement markings and a warning sign (Yuan & Dulaski, 2017). In fact, a study performed at Western 
Michigan University showed that pavement markings were found to increase a motorists’ yielding 
rate by 11% to 20% (Cambridge, 2012). 
Flashing Beacons 
AASHTO published the Highway Safety Manual (2010), which suggests that installing flashing beacons 
at proper locations may significantly lower the vehicle-pedestrian crash rate. It is also important to 
note the Highway Safety Manual states that overuse of flashing beacons may lessen their 
effectiveness (AASHTO, 2010). Flashing beacons are most effective as a warning of unexpected or 
dangerous conditions not readily visible to drivers. There are many different types of flashing 
beacons. 
One type of flashing beacon is the rectangular rapid flashing beacon (RRFB). RRFBs are made of user-
actuated LEDs that supplement warning signs at signalized intersections or midblock crosswalks. They 
can be activated by pedestrians manually by a push of a button, or passively by a pedestrian 
detection system. Once activated, RRFBs use an irregular flash pattern and are more effective in 
increasing driver yield rates than traditional overhead beacons. A study performed by the Oregon 
Department of Transportation replaced signs with RRFBs at three crosswalks on roads. The improved 
crosswalk resulted in an averaged 62% increase in yield rate. The conclusion of the study was that 
RRFBs should be considered for installation on high-speed roadways or intersections (speeds greater 
than 35 mph) with a presence of pedestrians and bicyclists and a history of crashes or the potential 
for them (Ross, Serpico, & Lewis, 2011). Motorists’ yielding rate increased in another before-and-
after study by 35% to 80% following the installation of RRFBs at an unsignalized intersection (Brewer, 
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Fitzpatrick, & Avelar, 2015). It is important to note, however, that RRFBs were found to be more 
effective at night than during the day in increasing drivers yielding to pedestrians at multilane 
crosswalks (Shurbutt, Van Houten, & Turner, 2008). 
In-street Pedestrian Signs 
If used, in-street pedestrian signs are placed on the roadways’ center line, lane line, or median of a 
crosswalk. Surveys conducted by Medina, Benekohal, and Wang (2008) showed that in-street 
pedestrian signs were perceived to be significantly safer than other pedestrian signs by both 
pedestrians as well as drivers. However, they also reported that only half of the pedestrians 
understood the meaning of the signs. FHWA found that in-street pedestrian crossing signs are very 
effective at drawing motorists’ attention to the presence of pedestrians; however, they were found 
to be less effective after dark (Redmon, 2011). In a study performed at Michigan State University, the 
installation of in-street signs produced 80% yielding, and the combination of in-street signs with 
RRFBs produced 85% yielding (Bennett, Manal, & Van Houten, 2014). A TCRP/NCHRP 2006 project 
similarly concluded that in-street pedestrian signs have relatively high driver yielding rates at 
unsignalized and midblock locations. The projects’ findings averaged a driver yield rate of 87% on 
two-lane roads with speed limits of 25–30 mph, and the signs were a highly cost-effective method for 
increasing drivers’ yielding rate at uncontrolled locations (Fitzpatrick et al., 2006). A case study 
performed in Las Vegas (Nevada), San Francisco (California), and Miami-Dade (Florida) reported 
increased drivers’ yielding rates of 13% to 46% after installation of in-street pedestrian signs. This 
study revealed that two of the studied crosswalk locations had no change in pedestrian-vehicle 
conflict (Pécheux, Bauer, & McLeod, 2009). More studies report similar results: in-street pedestrian 
signs are effective in increasing pedestrian safety. The level of effectiveness of this countermeasure 
varies with each study as the crosswalks’ roadway traffic characteristics and other conditions differ at 
each observed location. 
GAPS IN RESEARCH 
The literature review has shown that the following areas need to be addressed to develop 
comprehensive guidelines for lighting crosswalks at midblock and intersections: 
• To ensure optimal visibility for drivers, there is a need to develop guidelines for lighting of 
crosswalks at intersections and midblock locations. These guidelines include specifications of 
horizontal and vertical light levels and luminaire pole placements so that departments of 
transportation can easily adopt them.  
• There is also a need to compare the visual performance of motorists to the above-developed 
lighting design guidelines against those that are currently in practice to show the visibility 
benefits of the revised lighting guidelines.  
• The effectiveness of roadway lighting has never been directly compared to other pedestrian 
safety countermeasures because of differences in the methods used to assess safety. Thus, 
there is an existing need to evaluate lighting against other pedestrian safety countermeasures 
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at crosswalks (at both midblock and intersections) so that effective recommendations for 
increasing nighttime pedestrian safety on roadways can be put forward. 
OBJECTIVES 
From the gaps identified in the literature review, the following objectives were developed: 
• Develop guidelines for lighting of crosswalks at intersections and midblock locations that 
increase the visibility of pedestrians for approaching drivers. These same guidelines will also 
cover how best to light an intersection and increase visibility for motorists for the pedestrian-
vehicle conflict points within a typical four-way intersection. These guidelines include 
specifications of horizontal and vertical light levels and luminaire pole placements so that 
departments of transportation can easily adopt them.  
• Compare the visual performance of drivers in the above-developed lighting design guidelines 
to those currently in practice to show the visibility benefits of the revised lighting guidelines.  
• Determine if there are differences in the safety performance between lighting treatments and 
other pedestrian safety countermeasures (like flashing beacons, signs, etc.) so that effective 
recommendations for increasing nighttime pedestrian safety on roadways can be put forward. 
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CHAPTER 2: EXPERIMENTAL METHODS 
The human factors evaluation was conducted on the Virginia Smart Road at night in relatively clear 
weather conditions (no rain, snow, or fog). The Smart Road is a 3.5 kilometer (2.2 mile) long, 
controlled-access research facility built to US highway specifications. The intersection on the Smart 
Road has two high-speed and two low-speed approaches and is equipped with signal lights (Figure 5). 
A realistic midblock crosswalk was simulated on the Smart Road. The results of these experiments are 
highly generalizable and readily applicable to similar conditions on real roads. 
A series of crosswalk lighting designs (each luminaire placement under three lighting levels) that are 
representative of currently used designs were developed and installed. Before human factors testing, 
all crosswalk lighting designs on the Smart Road were photometrically characterized using Virginia 
Tech Transportation Institute’s Roadway Lighting Mobile Measurement System, which enables the 
rapid, accurate, low-cost photometric measurements of a variety of lighting sources.  
PARTICIPANTS 
Twenty-four participants were recruited to take part in the study. Two participant age groups (18–35 
years and 65+ years) were used to account for the changes in visual capabilities of the participants as 
they age. The results were adjusted by the measured visual capabilities. Each age group was also 
gender balanced. All participants had a valid US driver’s license and a visual acuity of at least 20/40 
(measured with the Early Treatment Diabetic Retinopathy Study chart with an illuminator cabinet). All 
experimental activities were approved by the Virginia Tech Institutional Research Board. Participants 
were paid $30 per hour for their involvement in the study.  
EXPERIMENTAL DESIGN 
The plan for the experimental activities included two visual performance experiments. The first visual 
performance experiment evaluated the intersection lighting design, and the second experiment 
evaluated the visual performance at the midblock crosswalk. Table 1 and Table 2 show the 
experimental designs for both experiments.  
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Table 1. Experimental Design—Independent Variables for Intersection Lighting Design Experiment 
Independent Variable Levels 
Light level (average horizontal illuminance)  
Low—8 lux (0.7 fc) 
Medium—14 lux (1.3 fc) 
High—24 lux (2.2 fc) 




IDOT (luminaires over the signal mast arm) 
Glare 
• Present  
o Right head lamp luminance 2938.8 cd/m2 
o Left head lamp luminance 2922.3 cd/m2 
• Absent 
Participant age Younger (18–35 years)  Older (65+ years) 
Table 2. Experimental Design—Independent Variables for Midblock Crosswalk 
Independent Variable Levels 
Light level (average vertical illuminance) 
Low—2 lux (0.2 fc) 
Medium—10 lux (0.9 fc) 
High—20 lux (1.9 fc) 
Crosswalk lighting designs 
Overhead Lighting 
• Positive contrast 
• Negative contrast 
• Staggered (positive contrast in both directions) 
Crosswalk illuminators 
• TAPCO Safewalk® Illuminator—CW Illuminator TAPCO 
• Salex LED Flood light—CW Illuminator Salex 
Pedestrian crossing treatments 
Rectangular rapid flashing beacons 
Rectangular rapid flashing beacons with overhead lighting 
(positive contrast) 
Flashing pedestrian sign  
Flashing pedestrian sign with overhead lighting (positive 
contrast) 
Participant age Younger (18–35 years)  Older (65+ years) 
INDEPENDENT VARIABLES 
Intersection Lighting Designs 
The intersection lighting designs were selected based on the locations of the luminaires with respect 
to the crosswalk. The lighting design for the intersection on the Smart Road approximated 
intersection lighting designs currently utilized by Illinois Department of Transportation (IDOT), in 
addition to newer lighting designs developed by the research team (see Figure 4 and Figure 5).  
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Figure 4. Illustration. Intersection lighting designs evaluated in the current study. The intersection was 
illuminated with four lighting design configurations: (a) illuminated approach, (b) illuminated box,  
(c) illuminated exit, and (d) illuminated with luminaires on the signal mast arm (the IDOT design). 
For the intersection, all exits and approaches of all the legs were illuminated by type II luminaires, 
and the intersection box was illuminated by a type V luminaire. All luminaires had a correlated color 
temperature (CCT) of 4000 K. Figure 7 shows the spectral power distribution of the light source. In 
the IDOT design, the luminaires were installed on existing signal poles at a mounting height of 12.2 
meters (40 feet), as close as possible to practice in Illinois (see Figure 6). In addition to the existing 
IDOT intersection lighting design, gantry-mounted lighting designs that illuminate all the approaches 
and exits were also included (mounting height 10.7 meters [35 feet]). The gantry system included two 
poles with concrete bases that were connected by a horizontal pole. The luminaires were mounted 
on the horizontal pole, as shown in Figure 5. In total, four gantry systems were constructed, one for 
each of the four approaches at the intersection. This lighting design was used for illuminating all 
approaches and exits of the intersection as well as the intersection box. Illuminating all the 
approaches of the intersection rendered the pedestrians at the nearest crosswalk in positive contrast, 
whereas illuminating just the intersection box rendered the same pedestrian in negative contrast. 
Illuminating just the exits might render the pedestrian at the entrance to the nearest crosswalk in 
positive contrast. Overall, four lighting designs were evaluated (see Figure 5): illuminated approaches 
(see Figure 5-A), illuminated box (see Figure 5-B), illuminated exit (see Figure 5-C), and IDOT 
intersection lighting design (see Figure 5-D). 
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Figure 5. Photo. Intersection on the Virginia Smart Road. The intersection is equipped with signal 
lights and lane markings associated with a typical signalized intersection. The intersection was 
illuminated with four lighting design configurations: (a) illuminated approach, (b) illuminated box, 
(c) illuminated exit, and (d) illuminated with luminaires on the signal mast arm (the IDOT design).  
 
Figure 6. Illustration. IDOT intersection lighting design on the VA Smart Road Intersection 
approximates an IDOT intersection lighting design that uses a mounting height of 13.72 m (45 ft.). 
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Figure 7. Graph. Spectral power distributions of the 4000 K LED light sources used in this study. 
Intersection Light Levels 
All intersection lighting designs were evaluated at three light levels: low, medium, and high. The light 
levels were determined from a study that evaluated the effects of the intersection light level on the 
night-to-day crash ratio (Li et al., 2020). The average horizontal illuminance for the low light level was 
8 lux (0.7 fc); this is the light level at which nighttime crashes plateaued for unsignalized intersections 
(Li et al., 2020). The average horizontal illuminance for the medium light level was 14 lux (1.3 fc); this 
is the light level at which nighttime crashes plateaued for signalized intersections (Li et al., 2020). The 
high light level was the highest light level that could be achieved with all the lighting designs used in 
the study except the box lighting design. The highest light level that could be achieved with the box 
lighting design was 14 lux (1.3 fc) (medium light level) because it used only one luminaire, whereas at 
least two to a maximum of four luminaires were used for the remaining lighting designs. Light levels 
were measured during the setup of the project to ensure that the results can be incorporated into 
generalized design standards and are summarized in Table 3. The average horizontal illuminance in 






































at a height 
of 1.5 m 
(4.9 ft.) 
lx (fc) 
Approach Low 8 (0.7) 14.4 (1.3) 3.8 (0.4) 4.3 (0.4) 
Approach Medium 14 (1.3) 25.2 (2.3) 6.7 (0.6) 8.4 (0.8) 
Approach High 24 (2.2) 43.2 (4.0) 11.5 (1.1) 12.7 (1.2) 
Box Low 8 (0.7) 18.3 (1.7) 0.9 (0.1) 2.3 (0.2) 
Box Medium 14 (1.3)  29.5 (2.7) 1.3 (0.1) 3.8 (0.4) 
Exit Low 8 (0.7) 14.5 (1.3) 4.1 (0.4) 4.0 (0.4) 
Exit Medium 14 (1.3) 25.3 (2.4) 7.2 (0.7) 8.2 (0.8) 
Exit High 24 (2.2) 43.4 (4.0) 12.4 (1.2) 12.8 (1.2) 
IDOT Low 8 (0.7) 13.1 (1.2) 2.6 (0.2) 3.5 (0.3) 
IDOT Medium 14 (1.3) 22.9 (2.1) 4.6 (0.4) 6.3 (0.6) 
IDOT High 24 (2.2) 39.2 (3.6) 7.9 (0.7) 9.6 (0.9) 
 
 
Figure 8. Photo. Grid that was used to calculate the average horizontal illuminance on the 
intersection on the Virginia Smart Road.  
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Midblock Crosswalk Lighting Designs 
Overhead Lighting 
Three designs were evaluated for the midblock crosswalk. All luminaires were of type II and had a CCT 
of 4000 K. In the first design, the crosswalk was illuminated on the approach side (rendering the 
pedestrian at the entrance in positive contrast—Figure 9-A). In the second crosswalk design (Figure 9-
B and Figure 10-B), the exit of the crosswalk was illuminated, rendering the pedestrian in negative 
contrast. The third and final design considered lighting both approaches of the two-lane road, with 
one lane for each direction of travel (Figure 9-C and Figure 10-A). 
 
Figure 9. Illustration. Midblock crosswalk lighting designs evaluated in the study: (a) positive 
contrast—luminaire was located before the crosswalk; (b) negative contrast—luminaire was 
located after the crosswalk; and (c) staggered—luminaires were located before the crosswalk in 
both directions of travel. 
 
Figure 10. Photo. Midblock crosswalk lighting designs evaluated in the present study:  
(a) staggered luminaires were located before the crosswalk in both directions of travel, and  
(b) negative contrast—luminaire was located after the crosswalk. 
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These designs also allowed for the testing of the effects of two types of contrast (positive and 
negative) on visual performance. Visual performance was tested under all lighting designs to identify 
the best lighting design in terms of pedestrian safety at crosswalks and motorists’ ability to see all 
objects in the intersection (at all vehicle-to-vehicle and vehicle-to-pedestrian conflict locations). The 
luminaires were mounted at a height of 9.1 meters (30 feet) and were of 4000 K CCT (for spectral 
power distribution [SPD] see Figure 7). 
Crosswalk Illuminators 
In addition to the overhead lighting design for crosswalks, two commercial crosswalk illuminator 
products were also investigated. The two commercially available products used a narrow beam from 
LED flood lights mounted on poles (typically sign poles) adjacent to the roadway. The first product is 
the TAPCO Safewalk® crosswalk illuminator (see Figure 11-A), and the second product is the Salex LED 
floodlight crosswalk illuminator (see Figure 11-B). 
 
Figure 11. Photo. Crosswalk illuminators used in the midblock crosswalk lighting design:  
(a) TAPCO Safewalk® crosswalk illuminator and (b) Salex LED floodlight crosswalk illuminator.  
Midblock Crosswalk Light Levels 
All overhead crosswalk lighting designs were illuminated to three light levels based on the average 
vertical illuminance. The low light level was established at 2 lux (0.2 fc). The medium light level was 
established at 10 lux (0.9 fc) based on research from Bullough and Skinner (2015). The high light level 
was established at 20 lux (1.9 fc) based on earlier research from Edwards and Gibbons (2008). Table 4 
and Table 5 summarize the horizontal and vertical illuminance measurements of the crosswalk 
lighting designs, respectively.  
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Table 4. Horizontal Illuminance Measurements at the Midblock Crosswalk 
Light Type Light Level Avg. lx (fc) Min. lx (fc) Max. lx (fc) 
Positive and Negative Contrast Low 6.8 (0.6) 5.2 (0.5) 7.8 (0.7) 
Positive and Negative Contrast Medium 31.0 (2.9) 23.8 (2.2) 35.5 (3.3) 
Positive and Negative Contrast High 54.3 (5.0) 41.6 (3.9) 62.2 (5.8) 
Staggered Low 14.1 (1.3) 12.5 (1.2) 15.2 (1.4) 
Staggered Medium 57.8 (5.4) 51.3 (4.8) 62.1 (5.8) 
Staggered High 113.7 (10.6) 101.3 (9.4) 122.3 (11.4) 
CW Illuminator TAPCO   57.0 (5.3) 29.9 (2.8) 92.9 (8.6) 
CW Illuminator Salex   93.4 (8.7) 41.3 (4.8) 127.1 (11.8) 
Note: Positive and negative contrast light types used the same luminaire pole, but the pedestrian crosswalk location was different with 
respect to the location of the luminaire. In the positive contrast lighting design, the luminaire was in front of the pedestrian crosswalk, 
and in the negative contrast lighting design, the luminaire was behind the pedestrian crosswalk. As a result, the light levels were same 
in both light types. 
Table 5. Vertical Illuminance Measurements at the Midblock Crosswalk 













Positive Contrast Low 2.2 (0.2) 2.5 (0.2) 1.6 (0.1) 2.1 (0.2) 
Positive Contrast Medium 10.2 (0.9) 10.7 (1.0) 8.6 (0.8) 9.9 (0.9) 
Positive Contrast High 19.8 (1.8) 19.0 (1.8) 12.6 (1.2) 17.1 (1.6) 
Negative Contrast Low 0.4 (0.0) 0.5 (0.0) 0.4 (0.0) 0.4 (0.0) 
Negative Contrast Medium 1.5 (0.1) 2.0 (0.2) 1.8 (0.2) 1.8 (0.2) 
Negative Contrast High 2.6 (0.2) 3.4 (0.3) 3.2 (0.3) 3.1 (0.3) 
Staggered Contrast Low 2.5 (0.2) 2.8 (0.3) 2.2 (0.2) 2.5 (0.2) 
Staggered Contrast Medium 10.4 (1.0) 11.7 (1.1) 8.1 (0.8) 10.1 (0.9) 
Staggered Contrast High 20.8 (1.9) 22.2 (2.1) 14.7 (1.4) 19.2 (1.8) 
CW Illuminator TAPCO   20.2 (1.9) 3.7 (0.3) 0.9 (0.1) 8.3 (0.8) 
CW Illuminator Salex   1.7 (0.2) 23.8 (2.2) 5.6 (0.5) 10.4 (1.0) 
PEDESTRIAN CROSSING TREATMENTS 
Two pedestrian crossing treatments were selected for evaluation at the crosswalk location. The first 
treatment was a flashing pedestrian sign indicating the presence of a crosswalk. The second 
treatment was a rectangular rapid flashing beacon (RRFB). Both treatments were shown to increase 
driver yield rates for pedestrians. The evaluation of these two pedestrian crossing treatments (RRFB 
and flashing sign) was also conducted with the addition of the positive contrast lighting designs at the 




Participants drove two identical instrumented vehicles (2016 Ford Explorers) equipped with data 
acquisition systems (DAS) that were connected to the vehicle’s controller area network and onboard 
camera systems. The DAS collected kinematic data from the vehicle’s controller area network (CAN) 
system, including vehicle speed, GPS coordinates, four video images (driver’s face, forward roadway, 
left side of roadway, and right side of roadway), driver audio, and inputs from the experimenters. 
During testing, the participants drove laps on the Smart Road, where they were presented with 
pedestrians at two stations: a crosswalk at the intersection and a midblock crosswalk.  
Dependent Variables for Intersection and Midblock Crosswalks 
In the visual performance experiment, crosswalk lighting designs were assessed by measuring drivers’ 
detection distance in a detection task. Detection distance is the distance at which pedestrians are 
visible and identifiable. Effective lighting designs and other pedestrian safety countermeasures 
increase detection distances. Detection distance can also be compared to the stopping sight distances 
recommended by AASHTO to determine whether a certain lighting design provides the driver with 
sufficient distance to come to a complete stop. However, it should be noted that stopping sight 
distance (SSD) is calculated assuming a 2.5 second brake-reaction time and a certain deceleration 
rate. SSD is a design value and not necessarily a safety performance indicator. SSD is longer than the 
actual distance a vehicle needs to stop in realistic driving conditions. For example, in intersection 
signal timing, 1 second is used for break reaction time instead of 2.5 seconds.  
Procedure 
In the visual performance experiment, driver visual performance was assessed under different 
crosswalk lighting designs at both the intersection and midblock stations. Participants were recruited 
for three sessions. In the first session, participants signed an informed consent document and their 
visual acuities were checked to see if they met the requirements for the study. After the participant 
provided his or her consent, the in-vehicle experimenter escorted the participant to the experimental 
vehicle parked outside. The experimenter had the participant sit in the driver seat of the vehicle and 
demonstrated the seat and steering wheel adjustments. The experimenter then asked the participant 
to make adjustments as needed and to buckle his or her safety belt. 
The in-vehicle experimenter entered the back seat of the vehicle and prepared the data collection 
equipment. The DAS recorded vehicle speed, GPS, and other network data from the vehicle, as well 
as video and audio inside and outside the vehicle. Once the DAS was ready, the experimenter 
instructed the participant to drive to the Smart Road. 
The first lap of the first session was a practice lap. The practice lap was used to familiarize 
participants with where they would turn around, where the crosswalks were located, and to give 
them an opportunity to see the mannequins so they knew what to look for. 
The experimental trials began once the participants indicated they were ready. Each time the 
participant drove through the test area, a different lighting design and light level would be presented 
at each of the two locations: intersection and midblock crosswalk. Additionally, the mannequins 
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appeared at different locations relative to the crosswalks. As the participant drove, they were 
instructed to say the word “pedestrian,” “kid,” or “child” (whichever is easiest for them to remember) 
whenever they saw one of the child-sized mannequins. The in-vehicle experimenter pressed a 
handheld button each time a mannequin was identified. Later analysis of the data would determine 
the distance between this point and the mannequin, which was reported as the “pedestrian 
detection distance.” Child-sized mannequins were chosen for the detection task because they were 
more difficult to detect than adult-sized mannequins. Each mannequin was 1.2 meters (46 inches) in 
height. Child-sized mannequins were outfitted in gray-colored scrubs, as shown in Figure 12. Grey 
was chosen because it is a neutral color and it is rendered similarly under different illuminance levels 
and lighting designs. 
Mannequins were located (see Figure 13) at the entry, middle, and exits of the midblock crosswalk 
(see Figure 14), very close to the pedestrian-vehicle conflict points. This process continued until the 
participant encountered all crosswalk lighting designs (both luminaire placement and light level). 
During pilot testing, full- vs. child-sized mannequins were evaluated for their suitability, as child-sized 
mannequins are smaller and more difficult (making them a more critical object) to detect than adult-
sized ones. Presentation of crosswalk lighting designs and light levels were counterbalanced. The 
presentation of pedestrians was randomized with “blanks” (i.e., no pedestrian presentation) to keep 
the participants from guessing. For the visual performance task, a glare source in the form of vehicle 
headlamps was also included. The glare source was a single vehicle stopped at the opposing travel 
direction (see Figure 15). 
 
 
Figure 12. Photo. Child-sized mannequin wearing gray scrubs. 
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Figure 13. Illustration. Mannequin locations used in the intersection detection task.  
 
 
Figure 14. Illustration. Mannequin locations used in the midblock detection task. 
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Figure 15. Photo. Location of the glare vehicle with respect to the  
participant’s vehicle approach direction.  
Once the experiment session was complete, the participants were asked to drive back to the Virginia 
Tech Transportation Institute building. The participants were then dismissed. Participants drove up to 
20 laps during each session. Each session lasted 1.5 to 2 hours. Participants each took part in three 
experimental sessions, for a total participation time of approximately 6 hours.  
ANALYSES 
Three linear mixed models (LMMs) were used to assess the effects of lighting design, lighting level, 
and age on detection distance. The first model was for the detection distance at the intersection 
location (without glare vehicle), the second model was for the detection distance at the intersection 
with and without the glare vehicle, and the third model was for the detection distance at the 
midblock crosswalk location. In the second model, the mannequin was located only at three positions 
(near right, near middle, and near left), as the other mannequin locations were not visible when glare 
vehicle was present because of disability glare. The level of significance was established at p < 0.05. 
Where relevant, Tukey’s honest significant difference was used for post hoc analyses. The analyses 
provided insights into the overall effects of crosswalk lighting design and light level on driver visual 
performance. 
For the second LMM, detection distances in each of the intersection lighting designs was compared to 
the stopping sight distance. Stopping sight distance is the length of the roadway required for a vehicle 
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travelling at the “design speed” (here 56 km/h [35 mi/h]) to come to a stop, and is the distance 
travelled by the vehicle from the time a driver sees an object to the vehicle coming to a complete 
stop (sum of distance travelled during brake reaction time and braking distance). Given the 56 km/h 
(35 mi/h) driving speed used in the current study, if the mean detection distance was greater than 
76.2 meters (250 feet) for a given pedestrian location, then the driver would have enough distance to 
stop safely after detection. Thus, 76.2 meters (250 feet) was used as a basis for assessing pedestrian 
detection distances. 
Photometry 
Luminance and luminance contrast of the mannequins were measured under each lighting design and 
light level at different distances on the vehicles’ approach. Luminance and the associated contrasts of 
the target were calculated using a Radiant Imaging Model PM-9913E-1 digital photometer. The 
photometer was mounted in the driver’s seat and images were shot through the windshield to 
measure the luminances as experienced by the driver. The photometer was used to measure the 
luminance in all conditions used in the study. Luminance contrast, or Weber contrast, was calculated 
at every distance on a vehicle’s approach to the intersection and the midblock crosswalk, and is 
defined as the ratio of the luminance difference between an object and its background relative to the 
luminance of the background. It is a dimensionless unit and is shown in the following equation: 
𝐶𝐶 =
(𝐿𝐿𝑡𝑡 −  𝐿𝐿𝑏𝑏)
𝐿𝐿𝑏𝑏
 
where C = luminance (Weber) contrast, Lt = object luminance, and Lb = background luminance. An 
object is considered to be in negative contrast when it is darker than its background and positive 
contrast when it is brighter than its background.   
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CHAPTER 3: RESULTS AND DISCUSSION 
RESULTS 
Effects of Intersection Lighting Design and Light Level on Detection Distance 
The significant factors in the linear mixed model (LMM) are summarized in Table 6. The main effects 
of age, light condition, and mannequin location were significant. The two-way interactions between 
age and light condition as well as age and mannequin location were also significant. Subsequent 
subsections provide additional details on the results regarding age and light condition interaction. 
Light condition refers to both intersection lighting design and light level. 
Table 6. Statistical Results from Linear Mixed Model Analysis of Detection Distance at the Intersection 
Source Numerator (Num) DF  Denominator (DF) F Ratio P-Value 
Age (A) 1 22.10 19.45 0.0002 
Light Condition (LC) 10 1117.40 24.24 <0.0001 
Mannequin Location (ML) 5 1117.00 65.34 <0.0001 
A x LC 10 1117.40 3.21 0.0004 
A x ML 5 1117.00 2.65 0.0218 
Figure 16 presents the effects of light type and light level. This interaction was assessed in two ways. 
In the first approach, the effect of light type within each light level was considered. This approach 
discusses the differences between each lighting design and helps in identifying the best-performing 
lighting design. In the second approach, the effect of light level within each lighting design was 
analyzed and this resulted in identifying the light level at which visual performance plateaus. 
The post hoc pairwise comparisons demonstrated significant statistical differences between lighting 
configurations within each light level. These differences decreased as light level increased. At the low 
light level, IDOT lighting design had the shortest detection distance compared to all other lighting 
designs, and the approach lighting design had the highest (see Figure 16). The detection distance 
differences between IDOT lighting design and the rest of the lighting designs were statistically 
significant. At the medium light level, the box lighting design had the lowest detection distance of all 
lighting designs (see Figure 16). The detection distance differences between box and IDOT as well as 
box and exit lighting designs were statistically significant. While the approach lighting design at the 
medium light level had a longer detection distance than the box lighting design, it was not statistically 
significant. The detection differences between the approach, exit, and IDOT lighting designs were not 
statistically significant at the medium as well as the high light levels.  
There were significant statistical differences between light levels within each lighting design. In 
general, an increase in the light level resulted in an increase in the detection distance; however, the 
differences depended on the lighting design (see Figure 16). In the approach lighting design, the 
detection distance between high and low as well as high and medium light levels were statistically 
significant. In the box lighting design, there was no difference between the two tested light levels. In 
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the exit and the IDOT lighting designs, the differences between high and low and medium and low 
light levels were statistically significant. 
Overall, younger drivers (M = 192.39 m, 95% CI [171.53, 213.25]) had longer detection distances than 
older drivers (M = 129.61 m, 95% CI [108.74, 150.48]).  
 
Figure 16. Graph. Effects of lighting design and light level on detection distance.  
Values are means of detection distances, and error bars indicate standard errors. 
Effects of Glare, Intersection Lighting Design, and Light Level on Detection Distance 
The significant factors in the LMM are shown in Table 7. The main effects of age, light condition, 
glare, and mannequin location were significant. The two-way interactions between age and light 
condition as well as light condition and glare were also significant. Subsequent subsections provide 
additional details on the results regarding glare and light condition interaction.  
Table 7. Statistical Results from Linear Mixed Model Analysis of  
Detection Distance at the Intersection with Glare Condition 
Source Num DF Den DF F Ratio P Value 
A 1 22.20 24.45 <0.0001 
LC 10 1119.60 44.07 <0.0001 
Glare (G) 1 1119.10 762.35 <0.0001 
ML 2 1119.10 170.78 <0.0001 
A x LC 10 1119.60 4.64 <0.0001 
















































Intersection Lighting Design and Light Level
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The effects of glare and light condition are shown in Figure 17. It should be noted that, in this 
experiment, the mannequin was located only at three positions (near right, near middle, and near 
left), as the other mannequin locations were not visible when the glare vehicle was present. As a 
result, the detection distances here represent those of the three mannequin locations and are 
different from those in Figure 16.The post hoc pairwise comparisons revealed that the detection 
distances under glare conditions at each lighting design and light level were significantly lower than 
those under no glare condition (see Figure 17). When the glare condition was present, there were no 
differences between the detection distances at each of the light levels in the approach lighting 
design. In the other lighting designs, an increase in light level resulted in an increase in detection 
distances when the glare condition was present, except in the exit lighting design. At the exit lighting 
design, the difference between the detection distances at high and low as well as high and medium 
light levels were statistically significant. At the IDOT lighting design, the differences between the high 
and low as well as medium and low light levels were statistically significant. There were no 
differences in the detection distances between the medium and high light levels at the IDOT lighting 
design, indicating the presence of a plateau in visual performance. The differences between medium 
and low light levels at the box lighting configuration was not statistically significant. 
 
Figure 17. Graph. Effects of lighting design and light level under glare and no glare conditions at the 
intersection. Values are means of detection distances, and error bars indicate standard errors. The 
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The detection distances were compared to the stopping sight distance (SSD) to see if the drivers 
could safely stop under each lighting design and light level. Only the approach lighting design at each 
light level had mean detection distances greater than the SSD (see Figure 17). Further, the mean 
detection distances were greater than SSD for the exit lighting design at low and high light levels, for 
the IDOT lighting design under medium and high light levels, and for the box lighting design at the 
medium light level (see Figure 17). The mean detection distances at low light levels for the box, exit, 
and IDOT lighting designs were lower than the SSD (see Figure 17). 
Like the no glare conditions, the detection distances on younger drivers (M = 162.45 m, 95% CI 
[144.63, 180.28]) were greater than those of older drivers (M = 102.30 m, 95% CI [84.46, 120.14]) in 
the glare condition. 
Effect of Midblock Crosswalk Lighting Design, Pedestrian Crossing Treatment, and 
Light Level on Detection Distance 
The significant factors in the LMM are shown in Table 8. The main effects of age, light condition, and 
mannequin location were significant. The two-way interaction between age and light condition was 
also significant. Two-way interaction of all factors was evaluated but no others were statistically 
significant. Subsequent subsections provide additional details on the results regarding the light 
condition. Light condition refers to the combination of lighting design and light level at the midblock 
crosswalk. 
Table 8. Statistical Results from Linear Mixed Model Analysis of  
Detection Distance at the Midblock Crosswalk 
Source Num DF Den DF F Ratio P Value 
A 1 23.00 19.09 0.0002 
LC 18 1401.20 83.55 <0.0001 
ML 2 1401.00 29.69 <0.0001 
A*LC 18 1401.20 5.18 <0.0001 
The effects of overhead crosswalk lighting design and light level are shown in Figure 18. In all the 
lighting designs, an increase in light level resulted in an increase in the detection distances (see Figure 
18). In all the lighting designs evaluated, detection distances in the medium and high light levels were 
significantly higher than those in the low light level. Further there were no statistical differences 
between the medium and high light levels.  
The detection differences between the lighting designs depended on the light level. When the 
overhead crosswalk lighting designs were at the low light level, the detection distances were 
significantly lower than the detection distances observed in both crosswalk illuminators (see Figure 
19). Both pedestrian crossing treatments, flashing sign and RRFB, had the shortest detection 
distances of all treatments tested. At the low light level, there were no statistical differences between 
the detection distances of any of the overhead lighting designs (staggered, negative contrast, and 
positive contrast [with and without flashing sign and RRFB]).  
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Figure 18. Graph. Effects of overhead lighting design and light level at the midblock crosswalk. 
Values are means of detection distances, and error bars indicate standard errors. 
 
Figure 19. Graph. Effect of lighting design on detection distance at the low light level at the midblock 



































































































At the overhead lighting design’s medium light level, the staggered, positive contrast, and both 
crosswalk illuminators had the longest detection distances (see Figure 20). These were significantly 
higher than the rest of the lighting designs as well as the pedestrian crossing treatments. Under the 
flashing sign and RRFB, the mannequin had the shortest detection distances among all crosswalk 
lighting designs at the medium light level (Figure 20). 
 
Figure 20. Graph. Effect of lighting design on detection distance at the medium light level at the 
midblock crosswalk. Values are means of detection distances, and error bars indicate standard errors. 
At the overhead lighting design’s high light level, the detection distances in the staggered lighting 
design were significantly longer than any of the other overhead lighting designs, pedestrian crossing 
treatments, or a combination of them (see Figure 21). There were no statistical differences between 




































Figure 21. Graph. Effect of lighting design on detection distance at the high light level at the midblock 
crosswalk. Values are means of detection distances, and error bars indicate standard errors. 
Photometry—Pedestrian Luminance at the Intersection 
Increases in illuminance levels resulted in an increase in the pedestrian luminance in all four 
intersection lighting designs. However, the rate of increase in the pedestrian luminance with distance 
depended on lighting design. For the near right location, the approach lighting configuration had the 
highest target luminance at every distance to the intersection and the IDOT lighting configuration had 
the lowest (see Figure 22). In general, pedestrian luminance measurements increased as the vehicle 
approached the intersection. Between 270 and 200 meters (885.8 to 656.2 feet) to the intersection, 
there were no major changes in the target luminances at any of the target locations. However, for the 
near right location, at distances less than 100 meters (328.1 feet) to the intersection, there is a rapid 
increase in the target luminance with decrease in distance to the intersection as a result of the 





































Figure 22. Graph. Luminance measurements at the near right pedestrian location as a function of 
the vehicle distance to the intersection in each lighting design and light level. 
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Photometry—Pedestrian Contrast at the Intersection 
Pedestrian contrast was influenced by lighting design and light level as well as distance to the 
intersection. In all lighting designs the contrast decreased as the distance to the intersection 
decreased. An increase in light level increased the pedestrian contrast. In all lighting designs the 
polarity of the contrast went from positive to negative, and the distance at which the polarity 
switched depended on lighting design and light level. For example, for the near right location, the 
contrast polarity for the approach design switched from positive to negative between 50 meters 
(164.0 feet) and 100 meters (328.1 feet) to the intersection at the low light level, whereas for the box 
and exit lighting designs at the same light level, the contrast polarity switched beyond 100 meters 
(328.1 feet) to the intersection (see Figure 23). The approach lighting design had the highest contrast 
compared to the rest of the lighting designs at each distance and light level, and the pedestrian was 
in positive contrast for most of the distance to the intersection (see Figure 23). In the IDOT lighting 
design, the pedestrian was in negative contrast at each light level for most of the distance to the 




Figure 23. Graph. Pedestrian contrast at the near right location as a function of the  
vehicle distance to the intersection in each lighting design and light level. 
Photometry—Pedestrian Luminance at the Midblock Crosswalk 
Increases in light levels resulted in an increase in the pedestrian luminance in all five crosswalk 
lighting designs. However, the rate of increase in luminance with distance depended on lighting 
design. For the pedestrian at the entry to the crosswalk, the CW Illuminator TAPCO had the highest 
target luminance at every distance to the intersection, and the negative contrast lighting design had 
the lowest (see Figure 24). Among the overhead lighting designs, the staggered lighting design had 
the highest pedestrian luminances at each light level. In general, pedestrian luminance 
measurements increased as the vehicle approached the crosswalk. Between 300 and 100 meters 
(984.3 and 328.1 feet) to the crosswalk, there were gradual increases in luminances. However, at 
distances less than 100 meters (328.1 feet) to the crosswalk, there is a rapid increase in the target 
luminance with decrease in distance to the intersection in all lighting designs except the negative 
contrast lighting design (see Figure 24). This rapid increase in the pedestrian luminance at distances 
shorter than 100 meters (328.1 feet) is due to the crosswalk and pedestrian coming into the effective 




Figure 24. Graph. Luminance measurements at the entry to the crosswalk as a function of the 
vehicle distance to the midblock crosswalk in each lighting design and light level. 
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Photometry—Pedestrian Contrast at the Midblock Crosswalk 
Like the pedestrian contrast at the intersection, the pedestrian contrast at the midblock crosswalk 
location was influenced by lighting design and light level. In all lighting designs the contrast decreased 
as the distance to the intersection decreased (see Figure 25). An increase in light level slightly 
increased the pedestrian contrast for the overhead lighting designs (staggered, positive contrast, and 
negative contrast). Note that the light level for the CW Illuminators R and M were not dimmed; they 
are just included at each light level for the purpose of comparison. In all overhead lighting designs the 
polarity of the contrast went from positive to negative, and the distance at which the polarity 
switched depended on lighting design and light level. An increase in light level resulted in increasing 
the distance at which the contrast polarity reversed (see Figure 25). CW Illuminator TAPCO had the 
highest contrast compared to the rest of the lighting designs at each distance and light level (see 
Figure 25). For both the CW Illuminators (Salex and TAPCO) the pedestrian was in positive contrast 




Figure 25. Graph. Pedestrian contrast at the entry to the crosswalk as a function of the  
vehicle distance to the crosswalk in each lighting design and light level. 
DISCUSSION 
This study had three goals. The first goal was to develop guidelines for the lighting of crosswalks at 
intersections and midblock locations that increase the visibility for approaching drivers. The second 
goal was to compare the visual performance of drivers in the new intersection lighting designs to 
those designs that are currently in practice. The third goal was to compare the performance of 
existing pedestrian crossing treatments to lighting designs at midblock crosswalks to identify the best 
possible treatment to increase motorist’s ability to see pedestrians at night. Five major findings are 
evident. First, at intersections under no glare conditions, there were visual performance differences 
between the tested lighting designs and light levels, with no differences among approach, IDOT, and 
exit lighting designs beyond the medium light level (average horizontal illuminance of 14 lux (1.3 fc). 
Second, visual performance at intersections under no glare conditions plateaued consistently across 
all lighting designs at the medium light level. Third, glare from vehicle headlamps significantly 
lowered visual performance across all lighting designs and light levels; however, the approach lighting 
design had the best performance with glare. Fourth, at the midblock crosswalk, there were visual 
performance differences between the tested lighting designs and light levels, with the staggered 
lighting design and crosswalk illuminators having the best visual performance. Fifth, visual 
performance at the midblock crosswalk plateaued at an average vertical illuminance of 10 lux (0.9 fc).  
Intersection Lighting Design and Light Levels 
The effects of intersection lighting design on visual performance largely depended on the light level at 
the intersection. At and beyond the medium light level (14 lux [1.3 fc]), there were no statistical 
differences across the approach, exit, and IDOT lighting designs. At the lowest light level, the IDOT 
lighting configuration had the lowest visual performance as evidenced by the shortest detection 
distances. The low performance of the IDOT lighting design at the low light level (8 lux [0.7 fc]) could 
be attributed to the contrast of the mannequin being close to zero at distances beyond 150 meters 
(492.1 feet) to the intersection, as shown in Figure 25. The contrast for the mannequin for the rest of 
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the lighting designs was never close to zero at those distances, which could have aided the visual 
performance of the drivers. These results also indicate that lighting design, i.e., the luminaires, layout 
does not majorly influence a driver’s ability to detect pedestrians at the intersection as long as the 
intersection is maintained at a minimum horizontal illuminance of 14 lux (1.3 fc).  
These results are not in complete agreement with previous research studies that evaluated the effect 
of intersection lighting design on driver visual performance (Bhagavathula et al., 2018), which showed 
that the box lighting condition has the best visual performance. The difference in results across both 
studies could be attributed to the objects used for detection. Bhagavathula et al. (2018) used small, 
gray-colored targets, whereas the current study used realistic 3D mannequins for the purpose of 
detection. Further, this current study also utilized lighting designs at the intersection that are far 
more realistic, so the results from the current study could easily be generalized to real-world 
nighttime intersection conditions. Note, however, that the box lighting design was not evaluated at 
the highest light level (24 lux [2.2 fc]), as this light level could not be achieved with the luminaire that 
was used in the study. Future research should examine the driver’s visual performance at the highest 
light level to understand the effect of the box lighting design.  
The glare from the stationary opposing vehicle at the intersection significantly reduced the visual 
performance across intersection lighting designs and light levels, as evidenced by the shorter 
detection distances. The effects of glare on visual performance were particularly severe at the low 
light level (8 lux [0.7 fc]) at box, exit, and IDOT lighting designs and the medium light level (14 lux [1.3 
fc]) at the exit lighting design. At these light levels and lighting designs, the detection distances were 
lower than the stopping sight distance (SSD) at the evaluated speed (56 km/h [35 mi/h]). The 
detection distances were greater than SSD across all light levels only in the approach lighting design. 
Across all other lighting designs, the increase in light level beyond the medium (14 lux [1.3 fc]) 
increased the detection distances to greater than the SSD, except for the exit lighting design where 
this happened at the highest light level. An increase in light level increased the background 
luminance, which lowered the disability glare in the drivers’ eyes and, as a result, an increase in 
detection distances was observed. These results show that at intersections with high vehicular 
volume, an average horizontal illuminance of at least 14 lux (1.3 fc) is needed to increase the driver 
visual performance to account for disability glare from oncoming vehicle headlamps. However, if an 
exit lighting design is used, the average horizontal illuminance should be increased to at least 24 lux 
(2.2 fc) to counter the disability glare from headlamps of vehicles travelling in the opposite direction.  
Midblock Crosswalk Lighting Design and Light Levels 
Regarding the effects of crosswalk lighting design on driver visual performance, the results of the 
current study showed that the staggered lighting design had the best visual performance closely 
followed by the positive contrast lighting design and both crosswalk illuminators (TAPCO and Salex). 
The better visual performance of the staggered lighting design among all the overhead lighting 
designs (staggered, positive contrast [with and without RRFB and flashing sign], and negative 
contrast) could be attributed to the staggered lighting design rendering the pedestrian in higher 
positive contrast (see Figure 25). 
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Within the overhead lighting designs, visual performance depended on the light level. An increase in 
the light level resulted in an increase in the detection distance. However, beyond the medium lighting 
(average vertical illuminance of 10 lux [0.9 fc]) the visual performance plateaued, as evidenced by the 
lack of statistical differences between the detection distances across medium and high light levels 
(average vertical illuminance of 20 lux [1.9 fc]). The results from the current study also showed that 
visual performance in the staggered and positive contrast lighting designs was better than the visual 
performance in the negative contrast or the positive contrast with RRFB/flashing sign at light levels 
greater than medium. These results reinforce results of earlier studies (Edwards & Gibbons, 2008; 
Gibbons et al., 2008), which argued that rendering a pedestrian in positive contrast will increase their 
visibility. These results indicate that an average vertical illuminance of at least 10 lux (0.9 fc) on the 
pedestrian at the entry to the crosswalk when the luminaire is located in front of the crosswalk will 
increase pedestrians’ visibility to approaching drivers.  
Both crosswalk illuminators used in the current study had detection distances that were comparable 
to the best overhead crosswalk lighting designs (staggered and positive contrast) at an average 
vertical illuminance of 10 lux (0.9 fc) and beyond. The longer detection distances under the crosswalk 
illuminators could be attributed to the higher vertical illuminance and, as a result, higher positive 
contrast for the pedestrian on a driver’s approach to the crosswalk (see Figure 25). However, it is 
interesting to note that the detection distances were greater in the staggered lighting design than 
under the crosswalk illuminators even though the contrast under the illuminators was higher than the 
contrast in the staggered lighting design at medium and high light levels. These results could also 
indicate that additional illuminance provided by the staggered lighting design increases the amount 
of visual information gathered by the drivers’ eyes, thereby increasing visual performance. These 
results also demonstrate the benefit of illuminating the surrounding area adjacent to the roadway to 
increase drivers’ visual performance at night. However, such designs should carefully be 
implemented, and adequate care should be taken to reduce the impacts on surrounding ecology and 
environment. 
The pedestrian crossing treatments, RRFB and flashing signs, had the worst visual performance as 
evidenced by the shortest detection distances among all the tested crosswalk lighting designs. Both 
pedestrian crossing treatments do not illuminate the pedestrian in any way. The results showed that 
a combination of overhead lighting with the pedestrian crossing treatments greatly increased the 
visual performance, as evidenced by the longer detection distances. However, the flashing lights 
seemed to draw attention away from the crosswalk even when both pedestrian crossing treatments 
are used in conjunction with overhead lighting, as those combinations had lower detection distances 
than the staggered or positive contrast lighting designs. Based on the results of the current study, 
pedestrian crossing treatments (flashing signs and RRFB) deployed with lighting (either overhead or 
crosswalk illuminators) greatly increase pedestrians’ visibility than just by pedestrian crossing 
treatment alone. 
Limitations 
This study has some limitations. First, there was no additional traffic on the intersection aside from a 
parked vehicle on the far side of the intersection in the opposing lane and the signal lights at the 
intersection were turned off. These simplifications were made to reduce the confounding effects 
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related to the presence of traffic and changes in the driver visual behavior as a response to phase 
changes of the signal. The current study was designed to isolate visual performance at the 
intersection so that only the intersection lighting designs and their light levels could influence driver 
visual performance. Second, the box lighting design was only used at low and medium light levels 
because of physical limitations with the test setup. The highest light level could not be achieved 
because a single luminaire was used compared to the other lighting designs, which had at least two 
luminaires. Third, the child-sized mannequins, which were used as simulated pedestrians, did not 
move and were stationary. In reality, pedestrians are never exactly alike and are completely 
stationary at an intersection. This simplification was made to ensure that the drivers could maintain 
the speed limit established for study. Further, the child-sized mannequin used in the study is more 
difficult and less likely to be seen at night and as a result the detection distances may be shorter than 
adult-sized mannequins. Fourth, the current study only addressed visual performance from a drivers’ 
point of view and does not account for pedestrians’ visual performance or perception. This was done 
to simplify the experimental design and reduce exposure during the COVID-19 pandemic. Fifth, 
drivers typically will not pass through the same intersection and midblock crosswalk multiple times  
en route to their destination but will encounter a variety of roadway and intersection types and 
geometries. To address these limitations, future research should evaluate visual performance in more 
realistic environments and pedestrians’ points of view to determine the best lighting designs at 
intersections and midblock crosswalks.  
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS 
Driver nighttime visual performance at intersection and midblock crosswalks is influenced by the 
lighting design and the prevailing light level. Based on the results of the study, the following 
recommendations can be made. 
INTERSECTIONS 
• Intersections should be illuminated to a minimum average horizontal illuminance of 14 lux 
(1.3 fc). Beyond this light level there is not a statistically significant increase in drivers’ visibility 
of pedestrians, regardless of the lighting design (or luminaire layout) of the intersection. 
• The average horizontal illuminance of 14 lux (1.3 fc) also increases the visibility of pedestrians 
when glare from oncoming vehicles is present. The 14 lux (1.3 fc) average horizontal 
illuminance is valid for all lighting designs evaluated except the lighting design that illuminated 
the exits of the intersection. When exits of the intersection are illuminated, a minimum 
average horizontal illuminance of 24 lux (2.2 fc) offsets the disability glare from opposing 
vehicles. 
• When intersections are illuminated to less than 14 lux (1.3 fc), the lighting design that 
illuminates the approaches of the intersection reported the best visual performance. 
MIDBLOCK CROSSWALKS 
• Midblock crosswalks should be illuminated to a minimum average vertical illuminance of 10 
lux (0.9 fc). Beyond this light level there is not a statistically significant increase in drivers’ 
visibility of pedestrians.  
• Where overhead lighting is available, midblock crosswalk lighting designs that render the 
pedestrian in positive contrast are recommended to increase pedestrian visibility. Luminaires 
located in front of the crosswalk will ensure that pedestrians are rendered in positive contrast. 
• Where overhead lighting is not available, crosswalk illuminators can be used to illuminate 
midblock crosswalk locations, as they provide the recommended positive contrast. 
• At night, it is recommended that lighting be considered along with pedestrian crossing 
treatments rectangular rapid flashing beacons and flashing signs. Pedestrians crossing 
treatments used in conjunction with overhead or crosswalk illuminators at the established 
vertical illuminance ensures optimal pedestrian visibility at midblock crosswalks. 
The recommendations for illuminating intersections (see Table 9) and midblock crosswalks (see Table 
10) stemming from this study have been summarized into the following tables: 
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Table 9. Lighting Design and Light Level Recommendations for Intersections 
Intersection Lighting Design  
(location of luminaires) Average Horizontal Illuminance lx (fc) 
Approaches 14 (1.3) 
Exits 24 (2.2) 
Luminaires located on the signal mast arm 




Below are some of the factors that need to be considered prior to application of the above-
mentioned recommendations: 
1. The calculation grid used in deriving these values was from the stop bars at the 
intersection, which formed the basis for this study. These values may not apply if a 
different calculation grid is used for a specific intersection under design. For example, the 
calculation grid for an intersection may be bounded by the radius returns or crosswalks, 
instead of the stop bars. 
2. The values in this table apply throughout the intersection area enclosed by the stop bars 
and are not specific to the crosswalk. Average vertical illuminance values should be used 
for designing crosswalk lighting.  
3. These values are based on no ambient lighting being present at the intersection. The 
presence of ambient lighting may necessitate using higher values than what is shown in 
the table. 
4. Based on the light levels used in this study, the values in this table are minimum average 
light levels for achieving longer pedestrian detection distances. 
5. This research looked at the simplest type of intersection with no curves, skews, or 
complications in alignment or geometry. The results of this study may not apply to other 
varieties of complex intersections.  
Table 10. Lighting Design and Light Level Requirements for Midblock Crosswalks 
Midblock Crosswalk Lighting Design Required Average Vertical Illuminance lx (fc) 
Luminaire in front of the crosswalk in each 
travel direction 10 (0.9) 
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